Beryllium is planned as a plasma-facing material for ITER covering most of the inner wall of the plasma vessel. It is thus subject to intense fluxes of escaping hydrogen ions from the plasma, which are implanted and retained in the plasma-facing material. As beryllium reacts very quickly with oxygen and especially with water, forming a surface oxide layer even under good vacuum conditions, previous studies of the interaction of deuterium and beryllium had to deal with oxygen contamination as a factor of uncertainty. To rule out the influence of a BeO-covered surface, the retention and release of 1 keV deuterium ions implanted in clean beryllium at room temperature are investigated by temperature programmed desorption (TPD). The surface composition is measured by X-ray photoelectron spectroscopy (XPS). The outline of a retention mechanism is developed by discussing the thermal release behaviour as a function of increasing deuterium fluence.
Introduction
Although a large number of earlier studies have been dedicated to the retention behaviour of hydrogen in beryllium [1] , the details of the mechanism are still unclear. Moreover, there is a large scatter in the experimentally evaluated parameters such as detrapping energies, diffusivity, solubility and recombination rates. These values are especially important for ITER to estimate the tritium accumulation in the first wall material, which is an important safety issue. This raises two questions: What are reliable characteristic values that describe the interaction between D and Be and why is there such a poor agreement between different experiments? In this context, the retention and desorption behaviours of D implanted into Be are investigated and conclusions about a retention mechanism are drawn from the results.
Special emphasis is put on the control of the elemental surface composition to exclude an influence of contaminated surface layers.
Experimental
The sample under investigation is a polished beryllium disc with a diameter of 14 mm and a thickness of less than 1 mm. One sample was used for all experiments described here. Laue diffraction measurements at various positions on the sample indicate full single crystallinity with an orientation of ( 0 2 11 ) and a miss-cut of less than 1°. The surface is cleaned by cycles of 3 keV Ar + bombardment under 45° incidence and annealing. The surface composition is monitored by X-ray photoelectron spectroscopy ( He reaction at 800 keV. This amount is used to calibrate the deuterium desorption rate measured by TPD. All experiments are performed in situ in a setup described elsewhere in detail [2] . implanted was chosen randomly to exclude an influence of the sample history. Below fluences of 1.5·10 17 D cm -2 , a linear fit to the data shows that 78±3 % of the implanted deuterium is retained in the sample. As expected, the retention tends to saturate at higher fluences. In the steady state, the amount of deuterium lost by erosion from the D-enriched Be region is in equilibrium with the retained amount. The data points are in good agreement with earlier retention measurements [3, 4] , although the surface in those experiments was not free of BeO.
Results

1) Retention
2) Desorption characteristics
The thermally activated deuterium release of a saturated sample occurs mainly in two stages: a broad structured stage at a temperature above 700 K and a sharp double peak around 480 K (Fig. 2) . The high temperature stage consists of at least two peaks (1 and 2). The low temperature stage is composed of a sharp peak (4) with a shoulder at a higher temperature (3).
More than 99% of deuterium is released as D 2 , the rest (<1 %) as HD molecules due to low 
Discussion
The TPD spectra of implanted hydrogen show a superposition of the temperature (and therefore energy) dependence of all release-determining processes. Activation energies for the release-determining processes can thus be obtained from the temperature of release stages.
This, however, implies knowledge of the character of the processes and therefore the mechanisms that govern the trapping and release of deuterium. Without prior qualitative assignment of the observed release stages to corresponding release-determining processes, quantification is not possible.
Three principle processes can provide energy barriers for the release of implanted deuterium into the vacuum: diffusion, surface recombination and detrapping from defects. The diffusion barrier for deuterium in beryllium is very low (0.29 eV [5] This assumption is justified, because the sample is single crystalline and annealed before each implantation at a temperature above half of the melting point [6] . An implantation profile with a maximum at a depth of 30 nm results from calculations by SDTRIM [7] . Unoccupied states with the highest binding energy being locally accessible are occupied by diffusion. This explains the behaviour of the system shown in Fig. 3 , where at first state 1 and subsequently increasing amounts of state 2 are occupied.
If all possible trap sites are occupied, the local oversaturation enforces a structural modification in the bulk. This occurs at 1·10 17 D cm -2 and explains the sharp threshold fluence observed for the appearance of release states 3 and 4. Lossev et al [9] performed thermal desorption spectroscopy (TDS) of adsorbed atomic deuterium on clean Be surfaces and found a dominant desorption peak at 425 K, which was assigned to surface recombination. Although the low temperature release stage observed in our experiments has almost the same temperature, it is not identical. First of all, the measured release peaks are much sharper than the peaks observed for surface desorption [9] . Under the assumption of a saturated Be surface, the amount released from the low temperature states must be correlated to the sample surface.
The fraction of low temperature desorption presented in Fig. 4 is determined from the ratio of the desorbed absolute amounts from high and low temperature stages measured by TPD. Due to the implantation method, the lateral deuterium concentration in the sample is not homogeneous. Instead, the concentration is smaller in the outer regions of the implantation spot. If the low temperature states are created in the center of the irradiation spot, they are not yet created in the outer regions. This means that the fractions shown in Fig. 4 underestimate the amount released from the low temperature stage above 1·10 17 D cm -2 . Accordingly, earlier TPD experiments [10] show a higher peak at low temperature. Hence, a lower limit of 6·10 16 D cm -2 can be given for the release from the low temperature stage in steady state, which is more than 30% of the overall retained amount. The D areal density of a saturated Be surface is 1·10 15 D cm -2 [9] . If the low temperature release stage originates from a surface, this surface would accordingly be 60 times larger than the projected (flat) sample surface. Ex-situ atomic force microscopy (AFM) measurements, however, indicate that the true surface area of the sample is in the range of 1.1 to 1.2 times the projected surface area. This means that release stages 3 and 4 are energetically similar to surface desorption but are not related to the actual sample surface.
There is agreement in the literature that the maximum concentration of D in Be is roughly 0.4 [7] , which would equal a formal stoichiometry of Be 2. 
Conclusion
The retention of 1 keV deuterium implanted into clean, single crystalline beryllium at room temperature is investigated by TPD up to saturation of the sample. The chemical composition of the near surface region is controlled by XPS and kept below 1 ML residual BeO coverage. The respective release temperatures are 450 and 470 K. They are energetically similar to surface desorption states, but are not related to the sample surface. 
